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This paper is devoted to magnetic and structural properties of anisotrgpiee,0;
superparamagnetic particles dispersed in a transparent xerogel matrix. The effect of frozen
anisotropy axes and magnetic texture, induced by a magnetic field applied during the solidification
of the matrix on the in-field magnetization process, is studied by alternating gradient force
magnetometry and first and second order magneto-optical effects. The changes of magnetization
curves with respect to the ferrofluid solution at the same particle concentration are interpreted on the
basis of an existing statistical approach extended to systems with particle size distribution, which
has to be taken into account for real samples. A very good agreement between the experiment and
theory was achieved for a log-normal distribution of diameters which well resembles that deduced
from electron microscopy observations in different imaging modes. This structural analysis states
the parameter values used in calculations and confirms the relevance of basic assumptions of the
model for the specimens studied. The experimental results and the related theoretical discussion
should be of use to understand magnetic properties of other magnetically textured
superparamagnetic systems. 1®98 American Institute of Physids$§0021-8979(98)00412-5]

I. INTRODUCTION very promising, up to now there has been practically no ex-
perimental study of the interesting case of magnetically ori-
Nanophase materials composed of small nanometricented particles in solid matrices, also calfedgnetically tex-
sized magnetic particles are the subject of intense currentired media’® Such a system is prepared starting from a
research since they exhibit novel electronic, magnetic anglolymeric or sol—ferrofluid solution, which is solidified as a
optical properties. It is now possible to design and synthesizge| under magnetic field From the theoretical side the low
materials containing dispersed superparamagnetic particlgg|q susceptibilit§*® and the field induced magnetization
with reasonably well calibrated shape and size. Up t0 nowyryed have been examined in such magnetically textured
only a few experimental works were devoted to small ferro-gystems. Large permanent linear birefringence has also been
fluid particles err_1b_§dded in pqumer or 9'?_’53 matrﬂc‘és_ﬁ.\l- _ recently evidenced in texturegt Fe,0; maghemite particles
though the possibility of freezing the positions of particles isqpedded in a hard and highly transparent gel matfikis
gives direct proof that oriented magnetic particles are locked
¥Present address: Research Institute for Materials, Spectroscopy of Solida the gel matrix.
an_(_j Surfaces, University of Nijmegen, Toernooiveld 1, 6525 ED- This study is focused on gels elaborated from highly
Nijmegen, The Netherlands. . . . .
PAuthor to whom correspondence should be addressed. Electronic maiFiIIUtecj ferrofluid solutions for which we can neglect the
ferre@Ips.u-psud.fr magnetic interaction between particles. This also supports
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the effect of the surfactant to avoid the aggregation of magtween the magneti€expression(1)] and the thermal KT)

netic particles or the possible formation of chains of particlesnergies. Therefore in the following expressions we will in-

which could be stabilized during the gel preparation undetroduce the dimensionless parameters

magnetic field in the case of a large concentration of

particlest™'? From a magnetic point of view and according

to Neel's theory®® small-size particles with diametei®

smaller than 15 nm are single domain at low temperatures.

At room temperature and whey=KV/kT <25(K being the

anisotropy constanty the volume of the particle these

single particles exhibit a superparamagnetic behaior.
In this paper we report on magnetic properties of M 9

v-Fe,03; maghemite superparamagnetic particles dispersed M_s:a_g InZ, 3)

in a gel matrix. The magnetism of this medium is studied

after inducing a magnetic texture by a fil8g applied during  whereMj is the saturated magnetization afdhe partition

the solidification of the matrix. The consequences of thisfunction.

induced anisotropy on the in-field magnetization and related For the particles, which can freely rotate in the ferrofluid

magneto-optical effects at first ordéfaraday rotation and under field, the partition function is written,

magnetic circular dichroisjrand second ordémagnetic lin-

ear dichroism and birefringencé& magnetization are dis- Z(¢, n):f j exg £&(m-b)+ »(m-n)2]dn dm, (4)
cussed. The results are compared with a reference ferrofluid

solution having the same volume fraction of particles as thg,here integration runs over all directionsandm such as
gel samples.

uB KV
§=ﬁ and ﬂzﬁ. (2)

An assembly of identical particles submitted to an exter-
nal magnetic field exhibits a magnetizatidh along b, so
that

The differences between the normalized magnetization _ ) sinh¢é [1 )
curves for magnetically textured samples and ferrofluids 2(&,m)=16m ¢ fo exp(7y*)dy. ®)
were previously calculated by RaikHen the frame of a
statistical approach for an assembly of monodispetbas- Z(&,m) can thus be written as a product of two terms
ing the same sizeparticles. which are related to Zeeman and anisotropy energies. In

In Sec. Il we will extend Raikher's model to polydis- other words, the magnetization does not depend on the an-
perse systems having a distribution of particle diameters. lisotropy because of the rotational freedom of particles in the
Sec. Ill we shall recall the preparation method and report orgolution. Then the magnetization of the ferrofluMy, re-
structural properties of the samples, experimental techniqudated to the degree of alignment of the magnetic moments of
employed in this study, as well as the treatment of the exthe particles, depends only on the ratibetween Zeeman
perimental data. A direct comparison between magneti@nd thermal energies
measurements by magnetometry and magneto-optics in the

different samples will be reported in Sec. IV. We shall stress &: 7 |n(ﬂ =L(&), (6)
there the influence of the magnetic texture on the anisotropy Ms  d¢ ¢
of magnetization. whereL (&) is the usual Langevin function

L(&)=coth¢—¢ L. 7
Il. THEORETICAL ASPECTS AND BASIC FORMULAS The magnetization process is consequently not influenced by
A. Magnetization of a monodispersed the_ an_isotr_opy of the par?icles, provided that th_e_ p(_';\rticle easy
superparamagnetic system axis directionsn are distributed at thermal equilibriutfl.

During the solidification of the matrix the orientations of
the particles become fix&d!® according to the statistic dis-
tribution of the anisotropy axes at preparation temperature.
For such a frozen system the in-field magnetization process
then takes place through the &leaotation of the magnetic
moments away from the easy axis particle directions, which

E=—uB(m-b)—KV(m-n)? (1)  are not aligned along the applied field. The magnetic prop-

) ) ] ) ~erties at temperaturés>0 K are then, of course, dependent
m, n andb being unit vectors. The first term in expression o the orientation of the frozen easy axes of the particles
(1) represents the potentigdr Zeemanjenergy of the mag-  yelatively to the applied field, i.e., on the anisotropy.
netic dipole in the magnetic field, while the second one | order to obtain the in-field magnetization curve of an
stands for the anisotropy energy. The contribution of theyssemply of superparamagnetic particles with frozen anisot-

shape anisotropy is considered here to be negligible, akopy axes let us start from the partition function of the par-
though in our specimens some particles exhibit a small ellipyjcles having a fixed anisotropy axi¢

ticity, as we shall see later. In the ferrofluid thermal fluctua-
tions cause a random Brownian rotation of the particles. _ 5
Physical properties of the system depend on the ratio be- Z(g’”'b’n)_f exL§(m-b)+»(m-n)“Jdm. (8)

Let us start from a single domain partitleaving a mag-
netic momentu, oriented in them direction and with the
uniaxial anisotropy axis oriented along In an external
magnetic field with induction of magnitudgand directiorb
the energy of the particle is expressed as
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Now, if a preparation field, is applied during the solidifi- T " T " T " T
cation of the matrix, the particles tend to orient themselves 0.00
alongb, generating a magnetic texture. Using E@b.and
(8), ant_:l replacing by &, andb by b, to indicate that thqse_ —0.01
quantities are related to the preparation process, the distribu-
tion of the particle easy anisotropy axesan be described ct
by the density ' -0.02
=
Z(&p.m.bp,n) N -0.03
f(éy,m,by,N)=—S 5 9 S :
The magnetization curve results from the contributions of all "o =0.04
particles =
«©
M(bybpvé:!gp!n) 0 _0.05
M. 9E f(&p,m.by,0)
® -0.06
XIn Z(&,7m,b,n)dn. (10) , ,
. . 0 5 10 15
A convenient way to evaluate the effect of frozen anisot- _
ropy axes on the in-field magnetization curve is to plot the ¢ = uB/KT
differencé FIG. 1. Departure of the theoretical relative magnetization civg M
M from Langevin functionL(£) for different values of the anisotropy param-
:_p _ eter 7.
oM, M. L(&), (11)

where the subscrigt deals with the sample preparation pro-
cess. initial susceptibility equals that df(¢) and, as expected for

n=0, the magnetization curve is well described by the
Langevin functionL(¢), i.e., SMy=0.

B. Uniform distribution of easy anisotropy axes

If the gel is synthesized in the absence of magnetic fieldC. Magnetically textured systems
the easy anisotropy axes are uniformly distributed in all di-
rections. Then the density of probabilif£g. (9)] becomes
f=(4m)"! and the associated magnetizatidh, is ex-

When the particles are frozen in the matrix in the pres-
ence of a magnetic field,=byB,, a nonuniform distribu-
tion of the easy magnetization axes is established. Two lim-

pressed as iting cases may be considered according to the relative
My 1 @ orientations of the field applied in magnetization measure-
M_:Ea_gf In Z(&,5,b,n)dn. (12)  ments and during the sample preparation procéssthe
S

parallel geometry(bilb,), identified by the symbal and(b)
This case was previously studied by Yasunwral.;” who  the perpendicular geometr§bl by), identified by the sym-
deduced an analytical expression for the ralily /Mg, bol L. These two configurations have been mentioned in Ref.
which they compared to the Langevin functia§g). They 7. In the following discussion, and also for the analysis of
also proved that the initiglor low field) susceptibility is the our experimental results we will concentrate on pgzaeallel
same as fot (&), being equal t&/3 independently ofy, as  geometry, which is more interesting from a physical point of
also found by Chantrekt al® view, as explained below.

The effect of a fixed uniform distribution of easy anisot- In the parallel geometry the alignment of magnetic mo-
ropy axes on the magnetization process is shown in Fig. Iments for small inductioi is favored by the magnetic tex-
on the plot of M, [expression(11)] for different values of ture. As a result, the gel sample is magnetized more easily
7, demonstrating the important role of the anisotropy con-than the corresponding ferrofluid solution as, is posi-
stantK. It is obviously more difficult to magnetize such a tive. When the parametey related to the magnetizing field
sample than the corresponding ferrofluid solution for whichreaches the valug, proportional to the preparation field, the
the magnetization curve is described by¢). So, as ex- distribution of anisotropy axes is similar to that of the corre-
pected, this “resistance to a magnetization” increases wittsponding ferrofluid solution anédM ;=0 at this point. It
7, i.e., with the anisotropy constakt The differenceSM,  should be mentioned that the parametémand £, are also
becomes very small when the anisotropy energy of each pafunctions of temperature during magnetization and sample
ticle is negligible with respect to its Zeeman enefgye.,  preparation experiments, respectively. In our case, both
when n<<¢. For a giveny, the absolute value of the differ- preparation and measurements were performed at room tem-
ence M, exhibits a peak at a given value éf For larger  perature, which means that insteadéef £, we could just as
values of the parametey this peak slightly shifts towards well write B=B,. Assuming no ageing process, i.e., no time
higher ¢ values. Figure 1 clearly demonstrates again that thelependent reorientation of the easy axes in the matrix, we

|.,10

Downloaded 15 Oct 2001 to 129.175.94.214. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 83, No. 12, 15 June 1998

1 1 1 1
004 %, _ -
i3 ¢,=50
< AR
T—{ :' \- ‘\‘ $p=8
;w 0.02 | \/ .
\ H \_ ‘\ s _3
=
I
_ 0.00
=
“
-0.02 |

FIG. 2. Difference between the theoretical relative magnetizatlgriM ¢
and Langevin functiori (&) for =2 for several values of the preparation
field parameteg,=uB, /KT.

could determine the preparation field valBg applied dur-
ing the solidification of the gel.

All these facts are demonstrated in Fig. 2, where the

variation of 6M with ¢ is plotted for different values of, at

a given i value. The effect of magnetic texturing increases
obviously with the preparation field value. The limiting cases

Bentivegna et al. 7779

D. Polydisperse structures

Real ferrofluid solutions contain magnetic particles with
different diameter® and a log-normal distributio®(D) is
usually considered in this cdSe

(InD—In D,)?

P(D)= Tt (13)

1
——exX
xDV27
A mean diameteD,, and a standard deviatioor can be
calculated fromD, and y using

2
D,=D, exp(’(7 , (14)
o=Dvexp x?)—1. (15)

As is well knowrt*!’ the distribution of particle diameters
modifies the field induced magnetic response of the system
and a weighted sum of contributions from particles with dif-
ferent diameters has to be considered
M:J M(D)P(D)dD. (16)
0
The particle size enters the model employed for explain-

ing the magnetization curves through parametefsr ¢,)
and n. In the case of spherical particles one can write

)3 . , o\

E=¢'D°B, with &' = 6KT * (a7)
n3 H l 7K

n=7'D® with 7 = 5KT (18)

are §,=0 for which 6M; <0, as discussed previously, and Here M, stands for the saturated magnetization of the par-

£p>0 where the magnetization becomes eas# (>0) in

the whole ¢ range of interest. For a give&, the absolute
value of the differencéM, increases with the parametey

relating the anisotropy and thermal energiEg. 3).

0.04 |

0.02 | 4

M”/MS_L(f)

0.00

oM

P
- s
-
-

-0.02

ticle, which is supposed to be identical at all particle diam-
eters. In expressior47) and(18) we introduced new param-
eters¢’ and n’ independent of the particle diameter and
applied field.

lll. SAMPLES AND EXPERIMENTAL METHODS
A. Sample preparation

A simple manner to “freeze” ferrofluid nanoparticles is
to insert them into a solid medium. For this purpose we
chose, both for their excellent mechanical and optical prop-
erties, to use silica matrices prepared via the sol—gel process.
The chemistry involved in this process is based on hydrolysis
and condensation reactions of silicon alkoxidedOR),.
Condensation of hydrolyzed species=%i—OH+HO-Si
=_=Si-0-Si=) leads to a silica base g#l After drying at
a moderate temperature (L00 °C), the gel is converted into
a solid transparent matritcalled “xerogel”). The optical
transmission of an undoped silica xerogel in the visible range
is similar to that of a glass plate.

If nonreactive species are inserted into the initial solu-
tion (called “sol”) the solid oxide network gradually grows

around these species during the sol—gel reaction and finally
gives a doped gel with dispersed species encaged in the pores
of the gel. In the past 10 years numerous works have been
devoted to the properties of doped xerogels, especially to
their optical propertie$® According to the nature of the dop-

10
¢ = uB/kT

FIG. 3. Variation of M, with ¢ calculated for several values of
=KV/KT and for¢,=3.
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ants, gain media for the solid state tunable |&8gshoto-
chromic materialé! photorefractive materiaf€, second har-
monic generation materigs or media for all-optical
memorieé* were prepared. We report here on one of the first
attempts to encage the ferrofluid particles into the pores of a
silica gel matrix in order to freeze their magnetic moments.
The preparation procedure of the host gel matrices has
been described elsewhéfeln this study the tetraethoxysi-
lane (TEOS) was used as silicon alkoxide. Hydrolysis and
condensation were performed under acid-catalyzed condi-
tions with alcohol as the common solvent. The gel drying
was performed in air at room temperature for 2 weeks. A
small amount of an ionic aqueous ferrofluid was added after
complete hydrolysis. More precisely, the magnetic particles
in the ferrofluid are nanocrystals of maghemiteFe0s,,
prepared according to the technique developed by Mag3ard.
They are ferrimagnetic with a & temperature larger than
600 °C. These crystallites present the same inverse spinel
structure as magnetite, §&&,. Each particle bears a negative
electric charge. The addition of a commercial surfactant
(EMCOL CC59)containing cationic counter ions allows one
to stabilize the colloidal suspension of nearly spherical
maghemite particles in a mixture of water and isopropanol.
Starting from samples containing the same volume frac-
tion of y-Fe,O5 particles as in the gel matrix, three types of
magnetic textures were realized. For the first type “Nor
no Tleld ) the .SO|l.Jt|0n was solidified .m the gbsgnqe OT any IG. 4. TEM-BF images of gel specimen&@) type “N” (“no field”)
applied magnetic field to generate an isotropic distribution 0k, ypje, general view ang) local view, (c) type “I* (“in-plane field")
the easy anisotropy axes of the particles. For the second typample, local view. Imagei) and (c) were acquired by a charge-coupled
“I'" (for “in-plane field”) or third type “O” (for “out-of- device(CCD) camera on the TEM TOPCON 200 keV.
plane field”) the solution was solidified between the pole
pieces of a permanent magnet. The preparation magnetic

field W'th induction B, (B,=0.124T) was ,?pphed in the  4nd high angle annular dark fielHAADF) modes. Owing
plane(*1”) ~or perpendicular to the plar€O™) of the gel 4 the fact that usual ion milling was unsuitable to thin down
platelet. Typical thicknesses of these platelets are in thg .p 4 type of xerogel matrix, the experiments were carried
range 0.3-0.5 mm. out on very small wedge pieces of matter cut along an ap-
propriate direction in the case of textured samples.

In the morphological study of the gel specimens, it was
important to check first that the observed objects were really

Transmission electron microscogyEM) carried out in  y-Fe,0O3 particles and also to locate precisely the boundary
different imaging modes allows one to check the sampleof each particle to determine accurately the particle size and
morphology, i.e., the size and shape distributions of the magshape distributions. In order to distinguish the maghemite
netic nanoparticles, and to evaluate their separation. Addiparticles in the matrix from other sources of contrast on
tional investigations by energy dispersive x-rays spectrosTEM-BF images(Fig. 4), a local chemical analysis has been
copy (EDXS) and electron energy loss spectroscoBfELS)  performed simultaneously by EDXS and EELS, using an
give information on the elemental composition and the vol-electron beam diameter as small as 10 nm. Especially on the
ume fraction of the particles. EDXS and EELS are based;1” gel specimen, the local TEM-BF contrast in several ar-
respectively, on radiative deexcitation effects and on transieas of the Si@matrix could be mistaken for that due to the
tions to unoccupied states, leading to an energy loss for thearticles/Fig. 4(c)]. In fact, the BF contrast depends strongly
transmitted electrons. Chemical bonding, electronic structuren structural effects, specimen mass thickness, wave inter-
and local order could be checked by EELS as in x-ray abferences, etc. In other respects, STEM-HAADF performed at
sorption spectroscop. high angles 30 mrad) allows one to locate precisely the

Two microscopes were mainly used in our studies. They-Fe,0O; particles over large specimen are@gpically be-
first one was a 200 keV “classical” TEM TOPCON 002B tween 2020 and 100032000 nnf) and with thickness up to
equipped with EDXS and parallel EELS detectors. The secseveral hundreds nanometers. It stands as a powerful method
ond one was a 100 keV “dedicated” scanning TEM VG HB since the contrast is highly dependent on the local atomic
501 (STEM), equipped with a specific EELS spectrom&ter number Z. In this mode, the particles in the thickest areas
and with image detectors for collecting transmitted electrongppear in darKFig. 5) while the contrast is inverted in the
at different scattering angles, in particular in bright fiés#)  thinnest parts.

B. Structural and chemical characterization by
electron microscopy

Downloaded 15 Oct 2001 to 129.175.94.214. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 83, No. 12, 15 June 1998 Bentivegna et al. 7781

40-;— b
354
30-5
25-§

S HTHT.

4 6 8 10121416 1 1.2 1.4 1.6 1.8
D, (nm) ellipticity

FIG. 6. Examples ofa) particle size andb) particle ellipticity distributions
in the dried ferrofluid. Morphology analysis was realized on STEM-BF im-
ages.

initial ferrofluid after evaporating the solution, as well as for
the “N” and “I” types of specimens. The mean diameter
valuesD,, for different assemblies afi particles and their
standard deviations are reported therd ,, values are de-

The determination of the particle size distribution was!€'mined from the particle areas, assuming their spherical
critical. Thus, two significantly different threshold methods Shape. The error bars @, (Table ) are estimated from the
were used and compared. In the first methitalito” (A)], dispersion of ten measurements on the same particle using
the threshold value was chosen to optimize the binary operd® manual threshold methdi¥).

tion, whereas in the second oftenanual” (M)] each indi- For the ferrofluid, all D, values determined by
vidual particle image was fitted by appropriate circular orSTEM-BF and STEM-HAADF are close togeth@rable I).

ellipsoidal shapes. In both cases, one tried to eliminate, #8S Mentioned above, the HAADF image contrast, checking

systematically as possible, the areas where the particles agifectly the atomic number of the elements, appears more
superposed in depth. The magnification given by the twdelevant for. a precise determination of tii®, absolute
microscopes was accurately calibrated from a standard catj@/Ue. This is also supported by the fact that the A and M
lase crystal. threshold methods give exactly the same results in HAADF.
The particle size distribution characteristics, determinedVe are also confident with the measured particle size distri-

in different imaging modes, are presented in Table | for thePution since it does not depend much on the imaging mode
for large assemblies of particles. TheD, distribution, mea-

sured in the STEM-BF mode, is depicted in Figap The
TABLE I. Mean diameteD,, and the standard deviatianfor assemblies ~agreement between the,, and o values, deduced either
of n y-Fe0; particles in the dry ferrofiuid or embedded in the type “N” or  from further magnetic measurements or from the STEM-
“I" samples, compared with values determined from magnetic measure ; ; ;
ments. The results, obtained at different TEM or STEM modes and(#ith -HAADIF eil).(p(.arl.meg.ts .IS rgma(;kzbleTgb]Je I)' ;—he typlcal
or (M) threshold methods are compared. For the gels, thesialue in the partlce ellipticity distribution ; educe me t e STE_M'BF
TEM-BF mode comes probably from the examination of a too limited num-image of an assembly of dried ferrofluid particles is pre-
ber of particles. sented in Fig. 6(b). Then, with the ellipticity being rather
small, it isreasonable to assunia the following magnetic

study (Sec. IV C)that one deals witlspherical particles.

FIG. 5. HAADF image of the gel specimen “I{*in-plane field”) acquired
on the STEM VG 100 keV.

Imaging mode

(threshold method) Dy, (nm) o (nm) n . .

. - . In counterpart, for the frozen particles in the gel, g
?2&‘{;’%“'“ solution values deduced for the “N” and “I” specimens from the
STEM-BF (A) 9.1+0.9 3.8 289 two TEM-BF and STEM-HAADF image modegD,,
STEM-BF (M) 0.8+0.9 1.9 100 =15 nm and 17.3 nm, respectivelgre unexpectedly over-
STEM-HAADF 10.7=1.3 5.5 447 estimated since there is no fundamental reason to determine
(Aand M) values which differ from those corresponding to the dried
Ferrofiuid-fit of the magnetization curve ferrofluid (9.1-10.7 nm This disagreement has certainly
_ 105+1.1 4.60.6 several origins: the multiple electron scattering, the “top-

Type “N” and “I" gels _bot_tom” effgct due to the_spatial Iocqtion_ of the particles
TEM-BF (A) 15.041.5 49 46 inside the thin platelet relative to the objective lens posffion
STEM-HAADF (A) 17.3+1.7 7.0 358 and the fact that some particles tend to group togethier.

4). The closeness between patrticles, associated with a beam
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TABLE Il. Local and global chemical electron microscopy analysis. In the pendent measurements on nonoverlapping small regions of
local analysis, the EDXS and EELS are measured simultaneously on thfhe specimen' the total volume investigated is therefore esti-

same individual particle area. The global analysis corresponds to an average 3 . . .
of ten(for TEM) or 20 (for SEM) measurements on nonoverlapping sample%ated to about ZQm . For the Investigation of Iarger vol-

volumes and at different scales. umes, bulk specimens were studied directly using a scanning
electron microscop€SEM) working at 15 kV. In that case,
Analytical Gel: type “N” Gel: type “I” the results reported in Table Il represent the average of 20
method Edges (no preparation field  (in-plane field)

measurements which cover abouk 20° um® of matter.
Local analysis—beam size 10 nim at. %) Even at this scale, the dispersion of Fe composition is quite
TEM-EDXS Sk 21.9+0.6 25.2+0.6 large. In spite of such a dispersion, a good agreement be-

(on a particlg Ok 62:3+5.0 63.9%5.0 tween the global TEM and SEM sample analyses was ob-
TEM-EELS SFfT ;i:g;?:g 10'8_‘0'5 tained for the type N s_am_plé_TabI_e II_). The_heterogeneity
(on a particle 0K 62.0+3.0 _ of the y-Fe,0; particle distribution is higher in the analyzed
Fel 16.5+1.2 — “I” specimen, as revealed by the far larger difference be-
TEM-EDXS Six 32.0%1.0 34.8+1.0 tween Fe composition values when increasing the probed
(out of Ok 68.0+3.0 65.2x3.0 volumes. With the global chemical analysis giving the rela-
particles) Feq <0.1 <0.1 . - .
tive mass concentration, one can deduce the volume fraction
Global analysigin at. %) ® using the matrix density =2x10° kg m™3, which as-
TEM-EDXS Sk 34.6+1.0 31.1x1.0 sumes a very low porosity of the matrix. From the analysis
33:3%2(‘5;'5’29”‘:3) FQ (fg'olfg& %Séii%% of a quite large specimen volume of about fanm® by
SEM-EbXSM s?: 356+1.7 35.4+16 SEM-EDXS one _gets<I>:(O.43t0.13)% and ®=(0.60
(total analyzed Q 64.1+5.0 64.2+5.0 +0.16)%, respectively, for the “N” and “I” samples. The
volume: 2x10° um®)  Fe, 0.30+0.09 0.38+0.11 above values ofb, deduced from electron microscopy, are

slightly larger than those extracted from the following mag-
netic measurementSec. IV B). Note that the reported errors
on ® (Table Il) do not take into account the large inhomo-

broadening effect, leads to an overestimation of their mea§€Neity of the particle diStri‘fJ’l’Jtion in the specimen, espe-
diameter. This explanation is also supported by the fact thdti@!ly revealed for the type “I” sample. In magnetic mea-

the experimental distributions of particle diameters and e”ip_suremenr%s we are probing much bigger voluntigpically
ticities spread more for the gel samples than in the dried®Me MM so that the observed differences betweendhe

ferrofluid. In the present experimental conditions, we are/@lués may be related to the sample heterogeneity at rela-
more confident with th®,, and o values obtained for the tVely large scales. ,
evaporated ferrofluid. This study demonstrates that a more L€t us finally note that no preferred alignment of the
precise determination of the size of particles embedded jparticles along the preparation fleld_ direction has been evi-
gels needs an originally prepared thin film specimen. denced for the “I” type of sampléFig. 5). The surfactant

As mentioned above, the local chemical composition of?/@ys certainly an important role for avoiding the coales-
the samples has been checked by EDXS and EELS in thgence a_nd _ordermg_ between magnetic pa_rtlcles under a_statlc
“N" and “I" specimens. These two high resolution meth- magnetu_: field d_urmg the_ sol—gel reaction. The _partlcles
ods were often used simultaneously and typical results ar@€re uniformly distributed in both “N" and “I” specimens
reported in the “local analysis” part of Table II. The cali- (Figs- 4 and 5 The mean distance between the neighboring
bration for each type of spectroscopy was performed usingrouPs of particlegor between isolated particlegjas about
standard sample€SiO, and FeO,, FeSiO,) and different 150;4.0) nm. The mean distance b(_etween.the parthle cen-
characteristic signal$Oy, Si, Fec in EDXS and Sik,  ters inside groups was (30L5) nm(Fig. 4), i.e., a typical
O-K and Fet in EELS)2% The photon absorption correc- Iengthsg/vmch gvmds stron'g magnetlg coupling by dipolar
tion was done in EDX% considering the thickness estimated f0rces:” Thus, in the following magnetic treatment, thar-
by EELS? and the experimental value of the electron mearf/Cles Will be considered asagnetically isolated.
free path®® The local atomic composition in particle regions
provided by EELS and EDXS are close together and confir
the consistence between the two TEM analysis m@@iable
II). The atomic composition of the matrix determined out of Room temperature magnetization measurements were
the particle regions is obviously that of SiOrhe EELS fine  performed with an alternating gradient force magnetori&ter
structures, acquired for the gel matrix and for the ferrofluid(Micro Mag 2900, Princeton Measurements Corporation
particles on Sik, Fe-L inner shells, are unambiguously as- Two different probes were used for measurements in a field
signed to SiQ and y-Fe,0s, respectively** B applied in the plane or perpendicular to the plane of the

After looking at individual particles, the global mean sample platelet. The diamagnetic contribution of the probes
composition TEM-EDXS and EELS analysis over a largeand of the gel matrix were substracted from the full magne-
specimen volume was performed in order to deduce the voltization signal. The diamagnetic susceptibility of the matrix
ume fraction® of y-Fe,0; particles and for checking the was equal to—5.4x10" 3 Am?kg *T7%, i.e. an usual
homogeneity of their spatial distributiofiTable Il). The value for glass. In our samples the diamagnetic contribution
TEM-EDXS reported values are an average over ten indeef the matrix at the maximum applied fiel®&1.9 T) rep-

@Acquired simultaneously with TEM-EDXS.

., Magnetic measurements
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resents about 2.6% of the total magnetization of the sample.
With our experimental setup we were able to measure the
magnetization of the gel samples but not that of the ferrofluid 0.8
because of the too large contribution of the container. For
B=1.9 T the measured specific magnetizatiet] of the
studied gel samples was

M.=(0.38+0.0)A m?kg! (19)

netization at saturation.

Since the samples were small enoughi1(xX 1 mn¥?),
with a mass of about 3 mg, the inhomogeneity of the field
gradient applied on the sample can be neglected. We con- 0z |
sider that all spurious effects were well eliminated since the

[ 2]
<
w
N
o
<
W
(or 0.38 emu/y This value will be considered as their mag- 2 0.4
=
N
(=]
=

resulting saturated magnetizations differ only within 2.6% in | 0.0 , ) B [T] ]
spite of a large variatioi100%) of the mass of the sample " 00 01 02 03
pieces. This remark is very important when looking at small 0.0 . 1 : 1 . I
differences on magnetization curves, as in our case. We veri- 0.0 0.1 0.2 0.3
fied that the in-field magnetization curves can be well re- Applied field B [T]

scaled with the concentration of particles frozen in the matrix
around the studied composition. This confirms that OUIFIG. 7. Magnetization curve of a gel sample with a uniform distribution of

samples contain only a negligible amount of aggregates witnisotropy axedtype “N" sample) measured using AGFMsolid line)
. - - . compared with the magnetic field dependence of magneto-optical quantities
Strongly Interacting magnetic part|cles. (dashed linesmeasured ak =543.5 nm: Faraday ellipticitymain graph)

and the square root of magnetic linear dichroidly (inset).

D. Magneto-optical measurements and thatAN,; may depend oD, the proportionality ofer to

. . the polar magnetization component of the particles can be
Magneto-optical effects were widely used to measure the P g P P

magnetization and the magnetic anisotropy in ferrofldfd€ affected. ,
We report here on room temperature magnetic circula.r di- Thus, we cqmpared the field depenQence of the no.rmal—
chroism measurements of the magnetization in light trans'—.ze.d magnetlzatplh/l/Mswnh the normalized Faraday ellip-
mission which give the Faraday ellipticigg . The measure- ticity e/ s (€es IS the saturation valydor all samples N, |
ment of e was preferred to that of the Féraday rotation toand 0. As an example, Fig. 7 shows this comparison for the
avoid therackground due to the magneto-optical rotation bt pe "N” sample.. Becausg the Faraday ellipticity measure-
. ) - . fnents were restricted to fields up B=0.3 T, the Faraday
the container or the transparent matrix. Magnetic linear bire-

. . . . ellipticity curve is normalized such a$1,(0.3 T)/Mgg
fringence and dichroism, proportional to the square of mag-_ .
g L =€ro(0.3 T)/egps- Reasonably weak differences, smaller
netization, are also reported in this study.

. . . than 1.5% of the saturation value, are noticed between the
Details on the used magneto-optical arrangement at fixe

. ; . wo curves. Such differences were, within our experimental
photon energies have been described elsewlie8ensitive b

. o rror, practically identical for all samplgdl, | and Q. The
measurements based on the modulation of the ellipticity of - . .
light at high frequency, ~50 kHz are performed through a expected magnetization curve of the ferrofluid solution was

. . ’ . . n ntl from the Far llipticity m re-
lock-in detection technique. In polar configurati&fiy (y consequently deduced from the Faraday eliipticity measure

being the light wave vectirthe magnetic circular dichroism ment. A similar agreement was found between the in-field
DeIng 9 9 . . ) magnetization curve and the square root of the magnetic lin-
is detected at thé,, frequency. Magnetic linear dichroism

(MLD) is measured at the 2, frequency in the transverse or ear dIChrfoﬁm.Ak'-l/Ak'-S (Wh'ch |s_expected t(;\éa;y as the
Voigt—Cotton—Mouton configuratiorB(L ). A liquid nitro- fﬂll,j,are 0 lt emnp anfeFmag7net|zat|on compohéatthe type
gen cooled coil was used to generate a fi@e<(0.3 T) with sample (inset of Fig. 7).

2 verv aood homoaeneity. The maaneto-optical experiment In the following we will restrict ourselves to the analysis
Y9 9 Y 9 P Pe 3f the magnetization and Faraday ellipticity curves uBto
were performed at the green He—Ne laser ling (

=0.3 T. This 0-0.3 T range is well adapted to demonstrate
=5435 nm).. . . . significant magnetic properties of our textured superpara-
Let us discuss briefly the proportionality between the

Faraday ellipticity, proportional to the imaginary part of the magnets.

complex circular birefringencaN., and theM , component |y, MAGNETIZATION: EXPERIMENTAL RESULTS AND
of the magnetization. For a polydisperse assemblyy|SCUSSION

of particles, AN. can be expressed byAN,
=J[3AN,(D)P(D)dD. Considering that the optical proper-
ties of the matrix with embedded particles, which are not  The aim of this section is to compare the experimental
strictly spherical, depend on the orientation of the particleslata of in-field magnetization foy- Fe,O; patrticles frozen in

A. Generalities
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the gel matrix to that obtained for the reference ferrofluid
solution and to discuss the results in the framework of the
previous theoretical consideratiofSec. II). 08k
Thus, we will first determine the pertinent parameters of ’
our assembly of polydisperse particles which will be subse-
quently frozen in the matrix. Then we will analyze the dif-
ferences between relative magnetizations 0.6 |
1]
M; My =
AMj=—— 20 ~
I Mis Mfs ( ) -
and Faraday ellipticities 0.4 -
€E;j €
Aepi=—r—— (21)
€ris  €Ffs 0z L
for gel samples prepared in the absence or presence of a ’
magnetic field, and for the ferrofluid. Here the subscripts
will be 0 for type “N” sample B,=0), Il (L) when the
applied field is parallelperpendicular)to the preparation 0.0 L L .
field, while f refers to the ferrofluid. 0.0 0.1 0.2 0.3
Because of lack of Faraday ellipticity data at fields larger Applied field B [T]

thanB=0.3 T, the exact saturation valueg;; as well as
€rts and alsaVi ts Were not available. We have found that the FIG. 8. Magnetization curve of the ferrofluid: experime{!‘mll line), fit '

. . . . (dashed lineand Langevin curve calculated for a monodispersed solution
anaIySIS_ of _the _experlmental d_ata . for magnetic fiells with D=D,,=10.5 nm(dash-dot line). The inset plots ti&D) density for
=<0.2 T is still valid if the magnetization curves are rescaleda log-normal distributiofexpression(13)] deduced from a fit of the mag-
at B=0.3 T with a relative magnetizatiofor Faraday ellip-  netization curve. The vertical dash-dot line marks the mean dianfieter
ticity) value of 0.87, which was measured by magnetometry D,, of particles, whereas the vertical dashed lines are locat&aD ,
for the type “N” sample. The magnetization curves rescaled” ¢ 2"4P=DPm o
to this value provide quantitie§M; andA eg; which tend to
zero atB=0.3 T. Thus, we gave up the part afM; and
A eg; describing the behavior of our samples at higher fields.

Furthermore, the most useful part of the magnetizatiorwith those obtained from TEM and STEM structural studies
curves is restricted to fieldB<<0.15 T, where the experi- (Table 1), in particular, if one assumes that the STEM-
mental differenced M; andAeg; are only negligibly modi- HAADF results are more relevant. In Fig. 8 we also plotted
fied by the scaling. the Langevin curve computed for a monodispersed solution
Now, we will determine first the pertinent parameterswith the aboveD,, and¢’ values, which departs significantly
necessary to fit the ferrofluid magnetization curve, i.e., for arfrom the data. This proves that without considering the dis-
assembly of polydispersg-Fe,O; particles which will be  tribution of particle diameters it is not possible to fit reason-
subsequently frozen in the matrix. We will find the param-ably our experimental data. As theoretically prediftéat
eters of the size distributiofD,, and o) as well as the par- polydisperse magnetic particles, the low field susceptibility
ticle saturated magnetizatiotM(y). Then, fromAM;, and s higher than that given by the Langevin functig¥ig. 8).
Aeg [expressiong20) and (21)], measured for frozen par- From parameteé¢’ [expressior(17)] one can deduce the
ticles with randomly distributed anisotropy axégpe “N” saturated magnetization value of particléd,,=(2.8+0.3)
sample), the anisotropy constait will be determined. x10° Am™! [or in centimeter-gram-seconetgs) system
Third, we will report on the precisAM; (Aeg;) andAM 4mM¢,=3500 G]. This result corresponds within the experi-
(Aep,) variations for magnetically textured gel samples.mental accuracy to the valuemMg,=(3400+500) G re-
These results will be discussed from calculations. ported by Bacriet al.}® who also observed thatl sp Was
independent of the particle diameter. Such a value is 24%
lower than the magnetization of bulik F&,05. As discussed
in Ref. 15, this decrease of magnetization can be explained
The normalized magnetization cur(€ig. 8) of the fer- by a lack of magnetic ordering in a thin layer on the particle
rofluid can be well fitted by expressidf6), whereM (D) is  surface. In our opinion it can be also partly due to the fact
proportional to the Langevin functioff) andP(D) is taken that the real distribution of particle diametéFg. 6(a)]dif-
as a log-normal distribution(13). From the fit we got fers somewhat from the considered log-normal distribution
Do=(9.6+1) nm, x=(0.42+0.02)and £ =(3.5+0.4)x1G°> (inset of Fig. 8).
T Im 3[¢ is defined by expressiofi7)]. FromD, and x Knowing the specific sample magnetization valMg
one deduces the mean particle diametBr,=(10.5 [Eq. (19)], the density ¢ of the matrix @E=2
+1.1) nm and the standard deviation=(4.6+0.6) nm of X 10® kgm™3), and the particle magnetizatioM g, it is
the expected distribution of particle diameters. These valuestraightforward to deduce the volume fractidnof the par-
deduced from our magnetic data, are in a perfect agreemetitles in the matrix® =0.28%, for both types of samples.

B. The ferrofluid solution
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FIG. 9. Excess of the relative magnetizati@) and Faraday ellipticityb) as a function of the applied field with respect to the ferrofluid solution for the
gel samples prepared in the absence of external magnetic(fidlh, Aego-squaresiand synthesized in magnetic field with inductiBg=0.124 T and
measured in paralleib, (AM,, Aeg-circles)and perpendiculaol b, (AM, , Aeg, -triangles)configurations.

C. The type “N” sample Since in our case the spin reversal is very fast because of the
mall value ofy=kV/kT <25 the application of the field
first selects preferentially a “speromagnetic” spin configu-
ration of the particles in one hemispheric space region. The
equilibrium distributionf(n) of the particle easy axes re-
sults from the balance between the ZeemaiB(), anisot-
ropy (KV) and thermal KT) energies which takes into ac-
count the effects of spatial and thermal disorders. The degree
of orientational texture is obviously an increasing function of

In this case the anisotropy axes are randomly oriented i
all directions, since the spin structure was frozen in the ab
sence of a magnetic field.

The field dependence of theM,; and A eg; differences
[expressionq20) and (21)] with the applied field are de-
picted in Figs. ¢a), and 9(b). Both magnetization and Fara-
day ellipticity measurements provide similar results, which
look similar to theoretical onespbtained for the monodis-
persed caséFigs. 1-3. In particular,AM, and Aegy are
always negative, i.e., the sample “N” is more difficult to
magnetize than the ferrofluid under field, as demonstrated by 0.0
Raikher’ At low field, the experimental difference§M,
andA e depart from zero more rapidly than expected theo-
retically [6M (&) curves]for a gel with monodispersed par-
ticles (Fig. 1). This again shows that the distribution of par-
ticle sizes has to be taken into account for fitting the data -0.1
reasonably. The differencéMy(B) rapidly rises with the
particle diametefFig. 10). Similarly to the magnetization of
polydisperse ferrofluid solutions, one observes here that big-
ger particles display a strongéM g variation at low fieldB.

The average calculated variatiatiMy(B) for our particle
distribution is plotted in Fig. 11 for a log-normal distribution
with D,,=10.5 nm and using two different values of the
standard deviatioor=3.2 and 4.6 nm and two values of the
anisotropy constank. A reasonably good agreement with -0.3 } 0o 5 .
the experimental field variation &M, and A egq (Fig. 11) 54.5nm

is achieved forK=K,=1.8x10* Jm 3, a value close to R S T S
that found in Ref. 39. It i;lsabout four times larger than that 0.00 0.05 0.10 0.15 0.20
reported for bulk material; but consistent with the value . .

K=6.4x10* I m 3, recently obtained on the same type of Applied field B [T]

oM,

-0.2

20.5

sample withD,,=7 nm at low temperatur&. FIG. 10. DifferencesM, between the relative magnetization curve of
monodispersed superparamagnetic particles fixed with uniformly distributed
D. Magnetically textured samples anisotropy axes and the corresponding Langevin function. The calculation

. e s . L. has been performed for different particle diamet@rsconsidering a mag-
During solidification of the matrix under magnetic field netization factoré’=3.5x107° T"*m ™2 and an anisotropy constarit

By, a certain degree of orientational spin texture is frozen-in=1.8x10* Jm 2.
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— 1 - 1 - 1 1 Aeg, (B) variations are plotted in Figs(®, and 9(b). For a
monodispersed sample it has been already demonstrated in
Sec. ll, thatéM, is positive at low fields and changes sign
for £~ ¢, (Fig. 3). This behavior is still valid for a polydis-
perse sampléFig. 9).
Our experimental dat&AM, and ez, are compared in
Fig. 12(a)with theoretical curves oM for particles having
a fixed diameteD =D, and for three preparation field val-
uesB,. Similar to the case of an isotropic distribution of
anisotropy axes we observe that the theoretical model with
monodispersed particles cannot explain the observed experi-
mental dependence &fM; and A e with the applied mag-
netic field.
0 i The theoretical fit of the data becomes again possible
(K=2K) when the model takes into account the particle diameter dis-
07 persion, as shown in Fig. 112). A reasonable agreement be-
tween the theoretical and experimental curves can be ob-
tained for B,=0.025 T, which is only about 20% of the
Applied field B [T] preparation field induction. This reduction probably comes
FIG. 11. Experimental diflerencesM, (sianglesiandA ec, (circles)com from ageing effects due to slow time dependent reorientation
paréd With trr)]e moded’' M (lines) calc():ulatedgfor two V;IFlj)es of the anisot- of the F_)amdes in the matrix aﬂ_er the ggl so.lld_|f|cat|on. Such
ropy constanK (with Ko=1.8x10" J m3) considering a log-normal dis- r€laxation has been clearly evidenced in similar samples by
tribution of particle diameters with the mean diamelgg=10.5 nm. Solid  measuring the linear birefringence as a test of the degree of
lines were calculated for a standard deviation 4.6 nm while dashed lines magnetic texture in the samﬁe.
for o=3.2 nm to demonstrate the effect of Finally, in Fig. 13 we plotted the differenc®l /Mg
—Mg/Mgys between two magnetization curves measured on
B, . Because the texture increases wifthe contribution of the magnetometer. These data are both recalibrated to the
particles with larger diameters is more efficient than in thesaturated magnetizatiotii.e., with no restrictions atB
previous case of randomly distributed anisotropy axes. ~ =0.3 T). The shape of the experimental curve is in a very
By magnetometry we measured thg (bilb,) andM good agreement with the prediction of the theoretical model,
(bLb,) magnetization curves for the I-type sample for two even at large fields. The amplitude of this difference corre-
orientations of the specimen with respect to the field appliegponds toB,~0.04 T, which is somewhat larger than the
in the plane of the sample. On the other hand, Faraday ellipralue estimated from Fig. 18). This difference is reason-
ticities ¢, and e, were measured on the O-type and I-typeable and its source is the same as that already observed be-
samples, respectively. TheM (B), Aeg(B) andAM  (B), tween the theoretical and experimental curves in Fig. 11.

0.00

-0.02

’M,

g -0.04

Ae

-0.086

AM, .

-0.08 |
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0.06 T — T T T 1 0.06
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= 0.04 } . = 0.04
L= “©Q
& 0.02 & 0.02
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-0.02 -0.02
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0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Applied field B [T] Applied field B [T]

FIG. 12. Experimental variation df M, (triangles)andA g (circles)with the applied field8 compared with theoretical curvéd, (6’ M,) for a preparation
field B, calculated(a) for an assembly of identical particles having the diam&e+10.5 nm(full lines) and (b) for particles with diameters distributed
according to log-normal law witl,,=10.5 nm andr=4.6 nm(full lines). In order to show the effect af on the expected variation @ M, in the graph
(b) we also included curves far=3.2 nm(dashed lines). The calculations have been made for the anisotropy cdfistdrBx10* J m 3.
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anisotropy, arising from the anisotropy of particle orienta-
tions, and its influence on the magneto-optical properties of
these systems, both from theoretical and experimental points
of view.

0.08 |-

0.06 |
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